ABSTRACT Ti-50Al alloy and Ti-47Al-3W alloy and its composites have been prepared by reactive arc melting technique using elemental powders. Composites have been reinforced using 3.5, 10 and 18 vol% of Ti 2 AlC in the matrix of TiAl with and without addition of W and C. By the addition of tungsten and carbon to TiAl alloy, we have produced composites that are reinforced randomly by reacted rod like Ti 2 AlC particles with fine precipitate of Ti 2 AlC particles and B2 particles. Compared to Ti-50Al alloys, the Ti-47Al-3W alloy and its composites have superior mechanical properties like bending strength, hardness, fracture toughness and erosion. Ti-47Al-3W/ 3.5 vol% Ti 2 AlC has excellent erosion resistance because of the dispersion of fine Ti 2 AlC and B2 particles in the matrix.
INTRODUCTION
Titanium aluminde alloys are amongst the intermetallic alloys under consideration as light weight structural materials for high temperature application such as turbine engine components. Their low density (3.8 g cm -3 ) and good mechanical properties lead to high ratios of strength to density and modulus to density. However, some factors such as low ductility and fracture toughness at room temperature, as well as lack of high temperature strength and creep resistance limit their applications. The addition of third element like Cr, Nb, V, and Mn was used to improve these properties and also control the microstructure [1] . Another common route to prepare those is to synthesis composite materials containing a second phase such as boride, carbide, nitride and oxide [2] [3] [4] [5] . In practice, various kind of techniques have been developed to prepare TiAl base composites.
Self-propagating high temperature synthesis, also termed combustion reaction synthesis using powder mixture compacts has been developed to produce intermetallics or ceramic. It is possible to form intermetallic-intermetallic, ceramic-ceramic, or intermetallic-ceramic composition by combustion reactions between corresponding elemental constituents. In addition, it has the advantage of an in-situ forming technique compared with the conventional artificial composite production approaches. However, the products formed by the reaction synthesis have extensive porosity. Therefore, this porosity must be substantially reduced by various techniques like XD process [6] , reactive sintering [7] , reactive hot pressing [8] and reactive HIP [9] . In these processes, large pressure is required during or after the synthesis reaction. In the present study, densification was achieved by an arc-melt casting technique without pressure during the synthesis reaction. By this process, it becomes possible to form the intermetallic matrix and ceramic dispersoids, and to produce the composite material with full density. Adding tungsten to the matrix has been found to improve the oxidation resistance significantly [10] , which also acts as a solid solution strengthener by lowering stacking fault energy and reducing diffusion rates so as to stabilise the (ã+á 2 ) lamellar structure. Due to the â stabilisation effect of tungsten, Ti 2 AlW (B2) phase is always formed [11] .
Particle erosion aspect of mechanical behaviour is important for their performance as turbine engine components; since particles are ingested into low-slung engine during take-off and erode the components in the front compression section of the engine [12] . The study of the erosion of materials has become an important topic in the field of engineering materials. Since TiAl intermetallic alloys are finding its application in automobile and jet engine components, these materials are being fabricated and tested in severe service conditions. The objective of this research is to fabricate, evaluate mechanical properties and erosion performance of intermetallic composite reinforced with Ti2AlC.
EXPERIMENTAL PROCEDURE
High purity elemental powder of titanium (99.5% purity, -350 mesh; containing approximately 3500 ppm oxygen), aluminum (99.9% purity, -150 mesh), tungsten (99.95%, particle size; 1 µm), and carbon powder (99.99%, -400 mesh) were used to prepare the composites. Those powders with right composition for the Ti-50Al and Ti-47Al-3W alloys with and without reinforcement shown in Table 1 were mixed in a mortar for 10 minutes. The estimated matrix composition with and without addition of 3 mol% W and calculated volume fraction of the reinforcement are also given in Table 1 . Five gram of the powder mixture were pressed at 260 MPa, into a cylinder of 10 mm diameter. Several compacts, approximately 30 g each , were fabricated as ingots using non-consumable electrode arc melting under an argon atmosphere. The combustion reaction occurred immediately after inducing the electric discharge between electrode and compacts. The reaction product was then arc-melted. The arc-melted buttons were annealed at 1273 K for 144 h for further homogenisation. The microstructure of the samples was characterised by using optimal microscope, scanning electron microscope and transmission electron microscope (TEM).
The homogenised specimens were cut to 20 x 3 x 1.5 and 20 x 3 x 5 mm 3 size for bending and fracture toughness tests respectively. Three point bend tests were carried out at room temperature using an Instron testing machine driven at a constant crosshead speed of 0.1 mm.min Solid particle erosion tests were carried out in laboratory at room temperature using conventional air blast rig. The spherical glass bead (120 grit) had an average diameter of 100 µm. The particles travelled at 40 ms -1 and eroded the polished specimen (0.25 micron finish). The It should be noted that erosion rate is dependent on the erodent properties, impact angle and the erosion test conditions. The specimen was mounted in erosion rig directly below the nozzle with a distance of 50 mm to the end of the nozzle. The erosion rate of each material is expressed as a volume loss per mass of erodent (cm 3 g -1 ). Erosion was quantified mass loss measurement with accuracy of 0.1 mg. The duration of each erosion test was fixed as 15 min. Erosion was quantified via mass loss measurement with an accuracy of 0.1 mg. The specimens were weighted before and after the experiment after thorough cleaning with acetone in ultrasonic cleaner. At least 5 trials were conducted in each test condition to achieve consistent data. Fig. 1 shows the optical microstructure of Ti50Al and Ti-47Al-3W alloys and its composites with reinforcement of Ti 2 AlC. Fig. 2 shows the corresponding XRD patterns for the samples. The ã-TiAl, á 2 Ti 3 Al, Ti 2 AlW (B2) and Ti 2 AlC peaks are detected. In all the samples, the peaks of raw materials are not observed. This indicates the proper reaction of the elements. In the ascast Ti-50Al alloy, there are two phases; ã-TiAl and á 2 Ti 3 Al. The microstructure consists of large grains of nearly lamellar (ã+á 2 ) structure as shown in Fig. 1(a) . Above (ã+á 2 ) , two phases on annealing convert into a single phase r, indicating the proper annealing of the alloy as known from the Ti-Al binary phase diagram [13] . Therefore, the annealed Ti-50Al alloy microstructure composed of ã single grains are shown in Fig. 1(b) . In the Ti-47Al-3W intermetallic alloy without reinforcement of Ti 2 AlC, due to the â stabilization effect of tungsten, the principal phases were ã-TiAl and B2 with a small amount of á 2 -Ti 3 Al. The addition of tungsten in the TiAl alloy helps in retaining the á 2 phase on annealing. The (ã+á 2 ) lamella grains in the matrix were almost decomposed to ã matrix and very fine precipitates of B2 particle are seen (Fig. 1(c) ). Fig. 3 shows the TEM images of the B2 precipitates in the ã-matrix with few shows small rod-like Ti 2 AlC particles and very fine B2 particles dispersed along the decomposed lamellar structure. The precipitation of Ti 2 AlC suggests that during the annealing process the á 2 phase containing carbon is decomposed to ã-TiAl and Ti 2 AlC as previously described. There is no change in the microstructure of the matrix with various carbon contents. The amount of reacted rod-like Ti 2 AlC particles clearly increases with increase in the carbon content. Table 2 shows the variation of hardness among Ti-50Al alloys, Ti-47Al-3W alloy and Ti-47Al-3W/Ti 2 AlC composites. Ti-50Al alloys give the basic hardness and (ã+á 2 ) lamellar structure of the as-cast Ti-50Al alloy increases the hardness when compared to the annealed alloy with ã single phase. By the addition of tungsten to the matrix, there is about two-fold increase in hardness of the Ti-47Al-3W alloy. Dispersion of fine B2 particles within the grain could account for increase in hardness of the matrix. The Ti47Al-3W/Ti 2 AlC composites exhibited further increase of the hardness, which is attributed to the presence of small precipitates of Ti2AlC along with reacted rod like Ti2AlC particles and fine dispersion of B2 particles. Increase in carbon content increases the amount of reacted-rod like particles and also the hardness. Table 2 shows the result of bending tests at ambient temperature for various homogenised alloys and composites. The composites have shown a significant improvement in the strength over unreinforced Ti-47Al-3W and Ti-50Al alloys. The strength of the composites increases gradually with increasing volume fraction of reinforcement to about 1020 MPa by the dispersion of 18 vol% Ti 2 AlC. The difference in the ductility among the composite specimens is negligible, and they show 0.3 0.4% plastic bend strain, which is less than for the Ti-50Al
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alloys. The as-cast alloy has low ductility when compared to the annealed Ti-50Al, which is because of its lamellar structure. are obtained for the composites that are more than that for Ti-47Al-3W alloyed samples. In the present composites, the reinforcements act as resistance to recrystallisation and grain growth of the matrix, therefore the effect of fine grain size on improving the fracture toughness should be also taken into account. The addition of W to the intermetallic (Ti-47Al-3W) alloy has resulted in higher fracture toughness of 11.4 -14.6 MPa. m -0.5 when compared to the Ti-50Al alloys. Fig.5 shows the erosion-impinging angle curve for the Ti-50Al alloys, Ti-47Al-3W alloys and its composites. All demonstrated similar ductile property at the peak value of 30 0 . The maximum erosion rate of Ti-47Al-3W/18 Vol% Ti 2 AlC was about 0.83 mm (peak value), which is much higher than all the alloy samples. However at 90 0 (normal impact angle) there is about 40% Uv$6yÃhrhyrq
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Uv#&6y"X 'yÈUv!6y8 reduction of peak value. This may be due to the bonding strength between Ti 2 AlC particles in the matrix. The main mechanism of material removal for alloyed samples was the ploughing and cutting, while that for intermetallic composites was ploughing and fracture. As the impact angle increases the debonding of the particle becomes easier for composites.
In ductile alloys both as cast and annealed Ti50Al and Ti-47Al-3W), which have lower hardness, erosion occurs principally by scratching of the surface. Material removal takes place more easily at low impact angle owing to ploughing and cutting by the erodent particles. At higher impingement angles, however, impact of erodent particle on the specimen surface may result in a harder surface and less efficient ploughing and cutting leading to low material removal.
Hardness of as-received and the eroded specimens are presented in Table 3 . The hardness of the alloyed specimens increase almost by two folds when compared to the composites, which may be due to the presence of hard, reinforced particles as shown in Table 3 .
But in the case of composites at normal impact the ceramic particles gets fragmented before being removed. The material was detached in fragmented pieces, which removes the matrix along with it. This semi-brittle manner of fracture is due to the discontinuous nature of the material. At oblique impact angles, the ceramic particles were less likely to break, and the loss of material was mainly due to the removal of the matrix in a ductile manner and the detachment of the reinforcing particles when exposed. On increase of the impact angle, the breaking of ceramic particles and their pullout dominates the material removal mechanism owing to the weaker bonding strength between the reinforcing ceramic particle and matrix. Once the particles are removed, they form a channel on the surface of the matrix; which results in more efficient removal of the matrix.
Thus the main mechanism for the composites material removal is by fracture and detachment of the reinforcing particles, and the ploughing and cutting of the matrix.
Ti-47Al-3W/3.5vol% Ti2AlC composites have very high erosion resistance when compared to other samples. In samples with less carbon content, both precipitation of small Ti2AlC and fine B2 particles reduces the erosion phenomenon and gives better erosion resistance. While, large amount of erosion is seen in composites sample with 10 and 18 vol% Ti2AlC where there are more number of reacted rod-like Ti2AlC particles along with precipitates of small Ti2AlC and fine B2 in the matrix. These reinforced Ti2AlC particles can be easily removed from the matrix during repeated striking of the erodent particles. The volume fraction and particle size of the reinforcement Ti2AlC particles play a major role in the erosion behaviour of the composites.
CONCLUSIONS
To improve the mechanical properties of Ti-50Al alloys, TiAl (W)/Ti 2 AlC composites have been successfully synthesised by means of reactive arc-melting technique. 1. Matrix structure of as-cast specimens show a fully lamellar structure. Ti 3 Al decomposes and convert to fine precipitated Ti 2 AlC particles by conducting a homogenising treatment at 1273 K. 2. By the addition of tungsten to TiAl alloy, dispersion of fine B2 particles is obtained which improves the hardness and erosion resistance of the matrix. 3. By the addition of carbon to Ti-47Al-3W alloy, we can produce composite which has distributed randomly reacted rod-like Ti 2 AlC particles and smaller Ti 2 AlC precipitates with fine B2 particles in the matrix. 4 The composite materials have revealed higher strength and better fracture toughness with adequate ductility. This improvement is attributed to Ti2AlC particles dispersion and to the fine grains in the matrix. 5. In Ti-50Al and Ti-47Al-3W alloys erosion mechanism is by ploughing and cutting but in composites it is by ploughing and fracture. 6. Ti-47Al-3W/3.5 vol% Ti 2 AlC has excellent erosion resistance compared to other composites. The fine dispersion of Ti 2 AlC and B2 particles in the matrix has improved the erosion properties.
